of time required to activate the switch). The LED is illuminated for 1 s every 3 s, during a maximum of 40 min. Failing to respond within the allocated time is regarded as an error. After 7 consecutive errors, which corresponds to 21 s or ± 1 sleep epoch, the participant is considered to have dozed off and the test is aborted. Sleep onset latency (SOL) and the number of missed events are recorded and displayed on an LCD screen of the main unit. These data can also be downloaded from the main unit for further analysis.
The OSLER has repeatedly shown to discriminate well between normal sleepers and sleep apnea patients 4, 6, 7) and to offer excellent conformity with simultaneous EEGbased defined sleep onset latency 8) . The major advantages of the OSLER are its simplicity, portability, relative inexpensiveness in comparison to the MWT and that its administration does not require any technical personnel 4, 8) . These advantages suggest that the OSLER is the instrument of choice for testing large samples on sleep resistance.
Still, despite these advantages, the OSLER has some practical and financial shortcomings which are worth mentioning. Mazza and colleagues 7) showed that, like the MWT, ceiling effects occur in the measurement of SOL. Participants are often capable to complete the test without missing seven consecutive stimuli, especially in daytime situations 4) . As a result, when the participants complete the sleep resistance challenge without dozing off for 21 s, a single report on the total number of errors may be insufficient to detect alertness fluctuations 7) . In order to improve sensitivity the authors analyzed the occurrence of consecutive errors. Including the analysis of error profiles (EPs) improved the sensitivity of the OSLER to abnormal fluctuations in daytime vigilance by 40% in participants with normal sleep latencies 7) . Unfortunately, EPs are not included in the standard OSLER output and have to be calculated manually. More importantly, although less expensive than EEG-recording equipment needed to perform MWTs, an OSLER unit remain quite expensive to purchase (± $ 3,000) and may therefore not be accessible for large-scale screening purposes.
In order to overcome these shortcomings, we propose a software-based alternative for the OSLER, the Behavioral Sleep Resistance Task (BSRT), which follows the same procedure as the OSLER, but includes both SOL and error profile analysis as a standard feature and executable on virtually any low-specification personal computer.
The specific aim of the present research is not to compare both methods, but rather to evaluate the sensitivity of the different outcome variables of the BSRT to extended wakefulness and to assess its validity by comparing these outcomes to subjective and objective measures of sleepiness. Additionally, to estimate sensitivity we propose an index robust to violations of distribution requirements and regardless of measurement scale. Specific features of the BSRT are further discussed in the "Material" section.
Method

Participants
Thirty-six young healthy adults (21 males and 15 females; mean age= 23.41, SD= 3.66 yr) participated in an extended wakefulness experiment after giving their informed consent. Exclusion criteria were the presence of sleep or psychological disorders, psychomotor or visual impairment, substance abuse, use of sedative-hypnotic medication or involvement in night or shift work. Global levels of sleepiness were assessed by means of the Epworth Sleepiness Scale (ESS) 9) and were within normal range (mean ESS score= 7.97, SD= 3.62). In order to control for possible psychomotor impairment participants were subjected to a neuropsychological test battery ( 13) ). All scores were within normal range (see Table 1 ). All participants were COMPARATIVE SENSITIVITY OF BSRT OUTCOME VARIABLES 81 
Material
Subjective sleepiness was assessed by means of the Karolinksa Sleepiness Scale (KSS) 18) and by means of a 600-pixel wide Visual Analogue Scale for sleepiness/alertness (VAS) 19) labeled from "very alert" to "very sleepy".
Drowsiness was assessed by means of a 4-min eyesopen fixation task (see Karolinska Drowsiness Test) 18) . Participants were seated in a quiet environment and instructed to focus on a white dot displayed during 4 min on an otherwise black computer screen.
Electroencephalographic (EEG) data were gathered using a 2-channel EEG (Procomp+) device at a sampling rate of 256 Hz analyzed with Biograph V2.1 software 20) . Alpha (8-12 Hz), Low-Beta (14-20 Hz), High-Beta (21-35 Hz), Theta (4-7 Hz) and Raw (0-40 Hz) power spectra were calculated by means of Fast Fourier Transform for 2 channels (C3-A2/O2-A1). Electrode impedance was kept below 5 kΩ. Artifacts were removed visually after application of a high-pass filter (>1 Hz) and a low-pass filter (<40 Hz).
Sleep resistance was assessed by means of the BSRT. The test requires a low-specification computer with soundcard, speakers and a pointing device (mouse) and the participant to be seated in an easy chair in semirecumbent position, in a dark and quiet environment. Once the BSRT software is opened, a number of text fields and checkboxes are activated to allow imputation of the subject code, the participant's sex, age in years, educational level and handedness (see Fig. 1 ). The user can determine the session number and opt for a shorter version of the BSRT, which is set at 10 min. Next to the BSRT.exe file an. ols file is included in the package, allowing the researcher to translate the instructions or alter the information required for imputation (e.g. "Subject code" can easily be changed in "Subject name"). Other variables such as the test duration, the duration and variability of the inter stimulus interval and the response modality may be adapted to the user's preference.
For the present study, all parameters were set to mimic the OSLER standard procedure. In this procedure, participants are instructed to relax and refrain from performing any wake-promoting activities during the course of the test. Participants hold the mouse in their dominant hand and stare at a black computer screen (right panel of and a loud ringing tone is played. If the participant succeeds in remaining awake, the test is aborted after 40 min.
Once the test is terminated, a. csv file is created with the following outcome variables: raw reaction time (RT) to each stimulus, mean and standard deviation of the response speed (RS), defined as being the inverse of the reaction time (BSRT mean RS and BSRT SD RS), sleep onset latency in sec (BSRT SOL), a hit ratio (BSRT hit ratio= [total number of hits / number of completed trials] × 100) and error profiles (BSRT EP 1-2: 1 or 2 consecutive errors; BSRT EP 3-6: 3 to 6 consecutive errors and BSRT EP7: 7 consecutive errors) 7) .
Procedure
Participants were instructed to maintain a stable sleepwake rhythm one week prior to the experiment. They were instructed to wake up at 0900 h and to refrain from consuming caffeinated drinks during the waking period prior to the experimental night. Compliance with the instructions was assessed verbally by the experimenter before the commencement of the first session. During the course of the experiment non-caffeinated drinks and light snacks were allowed for consumption. The experiment took place during the night to maximize the probability of dozing off (minimize floor effects). All participants entered the lab at 2100 h. Participants were subjected to the neuropsychological test battery and subsequently prepared for EEG monitoring. Participants were tested two by two in separate soundproof cubicles equipped with PCs with 1024 × 768 pixel screens with similar specifications. At 2300 h, the first of 4 two-hourly spaced experimental blocks was initiated (block 2: 0100 h; block 3: 0300 h and block 4: 0500 h). An experimental block consisted of (1) completing subjective sleepiness scales (KSS & VAS) and performing a 4-min eyes-open fixation task in order to record the wake EEG, (2) performing a 40-min sleep resistance challenge (BSRT), (3) reporting intermittent subjective sleepiness, (4) completing a 10-min visual reaction time task and (5) reporting subjective sleepiness one last time. Results of the visual reaction time task are beyond the scope of this paper and are therefore not further discussed. Sleep resistance challenges and visual reaction time tasks were counterbalanced between blocks and between subjects. At 0600 h the participants were offered breakfast and were allowed to leave the laboratory if accompanied by a well-rested person or were otherwise invited for a recovery sleep at the sleep lab. Sensitivity Index. A unitless ordinal sensitivity index was calculated for all outcome variables, based on the rationale described in Balkin et al. 21) , where sensitivity is defined as the ratio of the size of the effect of an outcome variable to its 95% confidence interval. Analogously, we defined sensitivity to extended wakefulness as the proportion of the magnitude of the effect of each session in a within-subject ANOVA and the magnitude of the effect size variability. Because of various violations of normality in the distribution of the data from the outcome variables of the distribution of the effect size, effect size variability was calculated using bootstrapped confidence intervals 21, 22) . Interpreting bootstrapped confidence intervals requires that the effect size estimator (partial η 2 ) is unbiased and scale invariant 21) . Balkin et al. 21) used bootstrapped-t confidence intervals to account for skewness of the distribution of the effect size measure. Unfortunately, as both the effect sizes and the bootstrap-t method are not scale invariant 23, 24) , the estimator in Balkin et al.'s 2004 study may be biased. Bias-corrected accelerated bootstrapped confidence intervals (BC α CIs) however, do account for both skewness in the distribution and scale transformations and are therefore the method of choice for estimating confidence intervals (for a detailed description of the estimation method 24) ). Based on Balkin et al. 21) and DiCiccio & Efron 24) the sensitivity index (SI) used in this study reads as Eq. (1): (1) Confidence Intervals for this index were calculated using 10,000 bootstrapped samples. Table 2 displays significant associations between the standard outcome variables of the BSRT and the other response instruments. Subjective sleepiness assessed by the VAS shows strong associations with all BSRT outcome variables, except for response speed variables. Participants reporting high subjective sleepiness tend to doze off more rapidly (lower sleep latencies), make more errors in general and consecutively (lower hit ratios and higher EPs). Finally, higher High-Beta relative power density is related to a lower hit ratio and the occurrence of more 3 to 6 consecutive errors. Other EEG measures show no significant associations with BSRT outcome variables.
Results
The results of the sensitivity analysis are displayed in Table 3 . Highly significant F-ratios show that, in normal sleepers, all outcome variables of the 40-min BSRT are sensitive to the effects of extended wakefulness during a night of total sleep deprivation. The BSRT hit ratio decreases as much as 10% as the time awake increases from 14 h (Block 1) to 20 h (Block 4). Sleep onset latency (SOL) follows the same pattern decreasing from an average of approximately 38 min in the first block to approximately 26 min in the last block, while the SOL variability (SD) increases from approximately 6.5 min to COMPARATIVE SENSITIVITY OF BSRT OUTCOME VARIABLES approximately 13 min. Response speed decreases over time awake whereas response variability increases. All error profiles show significant increases as wakefulness is extended, which suggests increasing loss of attention and apparition of microsleeps.
The increase in sleepiness observed behaviorally is supported by subjective self-reports of sleepiness by the participants, but is unverifiable statistically by EEG measures from the 4-min fixation task.
In order to verify if a shortened version of the BSRT would be sensitive to extended wakefulness, we also analyzed the first 10 min of the test in terms of response speed, response speed variability, hit ratio and error profiles. Trends similar to the variables of the full length BSRT are observed in the first 10 min of the test, however not all measures show significant differences between test blocks.
Ranking based on SIs shows that the hit ratio is the most sensitive outcome variable of the BSRT (SI BSRT hit ratio = 1.8), closely followed by the measures of occurrence of 3 to 6 consecutive errors (SI BSRT EP 3-6 = 1.52) and 7 consecutive errors (SI BSRT EP 7 = 1.38). The standard OSLER outcome, sleep onset latency yields a positive ratio of effect size versus CI range (SI BSRT SOL = 1.15), but confirms that the sole use of SOL to assess vigilance fluctuations may be less effective in detecting variability in vigilance in comparison to error profile analysis. Although statistically significant, the occurrence of 1 to 2 consecutive errors (BSRT EP 1-2), response speed variability (BSRT SD RS) and the average response speed (BSRT mean RS) fail to produce a positive ratio of effect size and effect size variability. Lower SIs may be the result of a simultaneous increase in variability in the outcome variables with increasing time on task. Analysis of the first 10 min on task confirms this presumption as the standard deviation of response speed (BSRT RD RS [10 min]), the occurrence of 1 tot 2 consecutive errors (BSRT EP 1-2 [10 min]) and the mean response speed (BSRT mean RS [10 min]) are the most sensitive outcome variables during this time lapse. Conversely, the hit ratio, EP 3-6 and EP 7 during the first 10 min of the test did not differ significantly over blocks.
Despite being all nonsignificant, comparison of the EEG outcome variables indicates that central Low-Beta activity is the most sensitive to extended wakefulness. However, it has to be noted that central Low-Beta activity displays a relatively low effect size but with tight CI which yields a positive effect size/effect size variability balance. Figure 3 shows the ranking of the outcome variables of the BSRT in relation to the outcome variables of the concurrent subjective and electrophysiological measures of sleepiness. Subjective measures of sleepiness (KSS & VAS) obtain the highest SIs, followed by the behavioral measures of sleep resistance. None of the electrophysiological measures seem sensitive to extended wakefulness, but central Low-Beta activity is still ranked moderately high due to a small CI range. Among other performance measures, the BSRT Hit ratio is the most sensitive to extended wakefulness, directly followed by the 3 to 6 error profiles.
Discussion
This paper introduces the BSRT, a comprehensive, inexpensive, software-based instrument inspired by the OSLER that, next to the standard OSLER outcome variables (SOL, mean RT), generates a set of additional measures of sleep resistance (BSRT hit ratio, error profiles,...). Our results suggest that BSRT is a valid and sensitive instrument to measure sleep onset latency and alertness fluctuations resulting from extended wakefulness.
In first instance, we verified the strength of association between BSRT outcomes with other validated measures of sleepiness. Subjective scales measuring situational sleepiness such as the KSS have been found to be high- Outcome variables are averaged over sessions. Significance levels are Bonferroni corrected for multiple comparisons. r denotes the correlation coefficient, p denotes the estimated probability of rejecting the null-hypothesis (H 0 : ρ=0) and n the number of participants. ly sensitive to the effects of sleep deprivation and to correlate well with EEG activity in individuals in both tired and rested states 25, 26) . These subjective measures, in combination with EEG activity measures are therefore suitable for the validation of behavioral sleepiness assessment tools. Our results show that BSRT outcomes are well correlated with subjective sleepiness and EEG activity. Hit ratio, error profiles and SOL variables show significant correlations with subjective sleepiness, whereas this association fails to emerge statistically for response speed variables. The latter is explained by the large variability of both subjective and response speed measures (large BC α CIs). Regarding EEG measures, Beta activity is associated with alertness-related increased cortical activation 27) . However, the results show a positive correlation between High-Beta activity (21-35 Hz) and the number of microsleep-associated errors (EP 3-6) and a decrease in hit ratio. In the context of a sleep resistance task, an increase in relative High-Beta power density probably signifies that the participant is performing an effort to stay awake, rather than being an indication of increased alertness. Similar relations have already been observed in aviators who had to perform while being deprived from sleep 28) . These findings suggest that the effort performed by the organism to remain awake could interfere with performance and lead to an increase in errors on task. Whereas OSLER outcomes focus mainly on sleep onset latency (SOL), Mazza and colleagues 7) successfully demonstrated that the analysis of error profiles improved the sensitivity of the OSLER to diurnal changes in alertness. In addition to error profiles, they calculated the percentage of time corresponding to the appearance of errors ([3 s × number of omissions / sleep latency duration in seconds] × 100). We simplified this by introducing a hit ratio (proportion of hits to completed trials) for the BSRT and included this measure along with error profiles analyses in the standard BSRT output. By means of a distribution-and scale-free sensitivity index we showed that the hit ratio and the 3 to 6 consecutive errors profile are more sensitive than the SOL measure to alertness fluctuations. Moreover, analyses of the first 10 min of the BSRT showed that mean response speed, response variability and the number of 1 or 2 consecutive errors are also sensitive to alertness impairment resulting from sleep deprivation and deserve consideration regarding the inclusion of these outcome variables in the standard report of any sleep resistance task.
In comparison to other measures, the standard BSRT outcome variables are somewhat less sensitive than subjective sleepiness scales, but more than EEG-measures. The observed hierarchy of SIs (i.e. subjective > behavioral > objective measures) supports Dinges & Achermann's 29) view of a trade-off between sensitivity and face-validity in comparison to the objectiveness of outcome variables for the measurement of neurobehavioral functions. Behavioral measures in general (OSLER, PERCLOS, head movement recordings) 2) offer a good balance between both objectiveness and sensitivity, which makes them valuable indicators of sleepiness for usage in field settings. Moreover, our findings suggest that different types of instruments should be included in the assessment of excessive daytime sleepiness, as they have all specific advantages in terms of validity, sensitivity and objectiveness, but also because they measure different aspects of the phenomenon (e.g. sleep resistance as opposed to decreases in alertness).
A possible limitation of the BSRT/OSLER procedure in field settings or in the workplace is the duration of 40-min task itself. Yet, it has been established that lengthy, repetitive tasks, devoid of performance feedback are recommended for detecting performance impairment 30) . Indeed, participants may be able to rouse themselves at a satisfactory performance level when the time-dependent demands of the task are too brief 31) , overestimating the ability to resist sleep or masking sleepiness-related impairment. In real-life, it is highly probable that most individuals perform work-related cognitive tasks, operate machines or simply drive their car longer than a few minutes, exposing themselves to potentially harmful situations when deprived from sleep. Since a primary concern of performance measures is to present analogs of real life, time-on-task should be sufficiently long to allow for proper screening purposes (for a review see Millar 31) ). Nevertheless, performance tasks as short as 10 min, such as the Psychomotor Vigilance Test (PVT) 32) , have also shown to be highly sensitive to various forms of sleep restriction in different environments [33] [34] [35] [36] . Participants subjected to the PVT are required to respond to a visual stimulus (four-digit LED incrementing from 0 to 60 s at 1-ms intervals) presented at variable inter-stimulus intervals by pressing a button. A feedback system is used by allowing the participant to read his RT during 1 s before the counter is restarted. Response times over 500 ms are considered as attentional lapses. Our analysis of the first 10 min of the BSRT challenges show that mean response speed, response variability and the number of 1 or 2 consecutive errors are sensitive to the effects of extended wakefulness. Similar results have been reported manifold with comparable PVT outcome variables (mean RS, SD RS and lapses) [33] [34] [35] [36] . Despite the fact that the analysis was carried out as a proxy for a shorter BSRT, our findings suggest that it may be suitable to assess performance decrements within more time-restricted operational settings. However, as prior knowledge of the task's duration may affect motivation and ultimately influence per-formance 36) , future research should concentrate on the sensitivity of an actual 10-min BSRT. Additionally, the effect of using a variable inter-stimulus interval and feedback in the PVT procedure as opposed to the BSRT's fixed inter-stimulus interval and no feedback should be investigated systematically.
Undeniably, certain limitations of the BSRT are also inherent to its being software-based. Firstly, instruments such as the OSLER, from which the hardware is designed specifically for the assessment task, probably offer faster debounce periods for more accurate response times in comparison to ordinary pointing devices. Secondly, software-based instruments are probably prone to measurement errors due to different hardware configurations of different host computers. In the present context however, these drawbacks are somewhat limited, as in most cases the systematic group differences between individuals with sleep-related pathologies and the control group exceed the magnitude of the measurement error. For example, Mazza et al. 7) report mean differences of SOL between sleep-disordered patients and controls up to 547 ms, well above potential differences in debounce periods due to different response devices or different host computers. Differences in accuracy, if any, have therefore little empirical significance. The abovementioned limitations become oblivious when assessing intrapersonal differences, as the measurement error is then similar for each session. Consequently, the real issue concerns the sensitivity of the outcome variables to detect fluctuations in alertness, which in case of the BSRT, is successfully demonstrated in the present study. Nevertheless, it may still be recommended to ensure the detectability of the BSRT stimulus by verbal assessment during short practice sessions for the participants in order to reduce possible bias due to different screen settings.
In conclusion, the current widespread of personal computers and the low production costs of software offers the possibility of using computerized adaptations as viable alternatives to the original diagnostic instruments for large scale screening purposes. Moreover, software adaptations offer the possibility of easy upgrading, rapid and uncomplicated distribution and very low production and storage costs, which all have favorable impact on pricing. In contrast to the OSLER or the PVT, the BSRT does not require the acquisition of extra hardware for the sole purpose of performing the test, but is executable on virtually any Windows-based desktop, laptop or tablet PC with audio capabilities.
The aim of the present study has been to present the BSRT as a valid, sensitive and easy-to-use screening instrument, not as a replacement for the OSLER as a diagnostic tool in clinical or experimental settings. Further studies should focus on the BSRT's ability to discriminate between healthy controls and subjects suffering from excessive daytime sleepiness, as well as on its sensitivity to partial sleep deprivation or sleep fragmentation. Practical applications for the BSRT as screening instrument could be found in transportation industry, air traffic monitoring, driving schools and examination centers and in physicians' private practices.
The BSRT software is available at no cost to researchers and practitioners with the agreement that (1) copies will not be used for profit, (2) publications of findings using the BSRT will cite the present manuscript as primary source and (3) the BSRT will be acquired solely from the corresponding author after registering (Olivier.Mairesse@vub.ac.be).
